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ABSTRACT

The effect of shield grounding on magnetic field
coupling in coaxial and twisted pair cables, was studied
for various

positions of the ground connection at 50 KHz.

For the case of only one end of shield grounded the
attenuation was about 60 dB. Furthermore, the effect of
frequency from 50-500 KHz was considered on three cases.
Thus it was concluded that attenuation increases as
frequency increases. A combined experimental and analytical
investigation was also conducted to characterize the
mechanism of cross talk between wires of ribbon cable and
traces on printed circuit boards. Inductive and capacitive
coupling were studied in both cases separately. Typical
inductive and capacitive coupling were 26 dB and 18 dB
respectively

in the case of ribbon cable. These

experimental results confirm theoretical predictions. In
addition,

it was found that by increasing the width of an

opening in the return plane beneath printed circuit board
traces, the inductive coupling will increase.
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CHAPTER I

INTRODUCTION

Modern computers and other electrical devices have to
operate properly and efficiently in close proximity to one
another. It is important to consider potential
interferences when designing circuits or instruments.
Equipment, besides working suitably alone, must function
properly near other equipment. Ideally, electronic
equipment should not be affected by outside noise, and
should not be a source of noise.
Usually there are some simple explanations for noise
problems, but they often demand considerable searching. The
concepts of resistance,
taught

capacitance and inductance are

in physics and early circuits courses. Analysis of

these elements in the circuits becomes routine and the
sense of their physical actuality is forgotten in the
analysis. This fact makes it difficult to recognize noise
problems. Any complex noise problem involves many causes.
Solving a noise problem requires a clear understanding of
causes and methods of noise coupling and of the basic
electrical laws which govern them. Understanding and
computing the electromagnetic coupling (cross talk) between
the conductors of a multiconductor transmission line is an
important aspect of the electromagnetic compatibity
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assessment of an electronic system.
The use of coaxial cables and twisted pairs of wires
has been a recognized interference control measure for many
years. It would be desirable to obtain predictive models in
order to assess quantitatively the degree of protection in
each specific case. The primary way to minimize unwanted
noise pickup is shielding.

In the next chapter# the

magnetic field shielding properties of various coaxial and
twisted pair configurations is shown.
Ribbon cables frequently are being used to
interconnect electronic systems such as minicomputers. The
unintentional coupling of electrical

signals from one wire

to another (cross talk) in these cables can degrade the
performance of the electronic devices which are connected
to the cable. In the design of an electronic system,

it is

of paramount importance to be able to predict and correct
potential interference problems of this type. The
theoretical prediction of cross talk between wires in a
ribbon cable and experimental procedures for measuring it#
are shown In chapter three.
Printed circuit boards

(PCB) are used in almost every

electronic and digital device. They are easy to make and
use. PCBs make equipment compact and easy to repair. When
the elements of a circuit are close to each other# the
chance of noise coupling between them increases. The
advanced computer technology developed in the last decade
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has made circuits more compact than previously. Therefore,
the problem of cross talk between the lines is very
important. This problem will be discussed in chapter four.
Chapter four consists of two sections concerning noise
coupling in PCBs:

(1) inductive coupling, and (2)

capacitive coupling. The problem of an opening in the
return plane and the corresponding effect on the cross talk
coupling is also presented.
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CHAPTER II

THE MAGNETIC FIELD SHIELDING
PROPERTIES OF VARIOUS CABLE CONFIGURATIONS

A. INTRODUCTION AND LITERATURE REVIEW
Shielding and grounding are two primary methods to
minimize electrical noise pickup from the media. This
chapter is devoted to the subject of magnetic field
shielding. If a shield is used properly, it can
significantly reduce the amount of noise coupling.
Shielding and grounding sometimes become a mystery to the
designer because of the lack of literature on the subject.
Morrison [1] has explained the general shielding and
grounding techniques in instrumentation. When considering
the magnetic field shielding problem, he found that for
signal circuits with small loop areas, the pickup in each
signal path would be minimal. The area between adjacent
signal conductors does, however, provide an opportunity for
magnetic coupling.
In a work by Ott [2] the problem of grounding and
shielding was throughly studied. He considered the problem
of shielding a receiver against magnetic fields. He
reported an experiment in which

various cable

configurations were subjected to a 50 KHz magnetic field
and concluded that a signal circuit should be grounded

at

only one point. This is because the loop area would be
minimum and all return current would flow through the
shield, or less magnetic field would pass through the loop.
Theoretical modeling and experimental procedure are
presented in this chapter. Furthermore, the response of
various cable configurations for a range of frequencies is
also discussed.

B . THEORETICAL DISCUSSION
Consider that a current I is flowing through a
conductor located in free space, as shown in Fig. 1. There
are electric and magnetic fields surrounding the conductor.
If a grounded shield is installed around the conductor, the
electric field lines will be limited by the shield, but
there will be very little effect on the magnetic field. The
simplest way to shield or stop the external magnetic field
is to create an equal and opposite field. Therefore, an
equal and opposite current should flow through the shield.
This results in no electric or magnetic fields outside of
the shield, as shown in Fig.2. Now consider a load R driven
by a current I from a shielded conductor. The generator (G)
and load (R) side of the conductor are grounded, as shown
in Fig. 3. Also, both ends of the shield are grounded. In
order to stop magnetic field radiation from this conductor,
the return current should flow through the shield (I )
rather than through the ground plane (I ). Here the

6

cross section
Fig. 1. A current is flowing through a conductor located in
free space

shield

(a)

(b)

Fig. 2. Fields around conductor, (a) Shield grounded at one
point.(b) Shield grounded and carrying a current
equal to the conductor current, but in the opposite
direction.

7

question arises: what causes

the return current to flow

through the shield instead of the ground plane? To answer
this question/ the physical cable must be represented by an
equivalent circuit/ as in Fig. 4. The mesh voltage equation
around

the ground loop yields

V j o J W

-

0 *

u>

where L = self inductance of shield,
s
R = shield resistance, and
s
M = mutual inductance between the center conductor
and the shield.
The mutual inductance M and self inductance L g are equal
[2]. Therefore,

the above equation becomes
j

CO

j(U+

j a>

r

/L

i(J

+ 0 ),

( 2)

The shield cutoff frequency A) c is equal to Rs /Ls . If (0
is much greater than (0

c

, then I will be almost equal
s

to I and magnetic protection will have been gained. Some of
the current I returns through the ground path for
frequencies below 5CJc and the cable provides less
magnetic shielding. If the ground connection on either side
can be removed, all the return current will

flow through

the shield, as shown in Fig. 5., so full magnetic
protection will be achieved.
An excellent way to shield against magnetic fields is
to decrease the area of the receiver loop through which the
current flows or the magnetic field passes. The return

8

Pig. 3. Physical representation of current division between
shield and ground plane.

I

Pig. 4. Equivalent circuit of current division between
Shield and ground plane.
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Fig. 5. Without ground at far end, all return current flows
through shield.

Fig. 6. Effect of shield on receiver loop area, (a) No
shield, large enclosed area, (b) Shield added, two
ends grounded, reduceed area, (c) shield added,
one end grounded, large enclosed area.
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current path ia very important in reducing the receiver
loop area. For this purpose, if the nonmagnetic shield is
placed around the conductor grounded on both sides and 6l)>

GJC' then

both sides of the shield must be grounded. In

this case, the current will return over a smaller area and
there will be better protection.
Figure 6 illustrates the effect of shielding a
conductor in a receiver loop area. In Fig. 6a, load R is
driven by a voltage source Vg via a conductor. The area
enclosed by the current is the rectangle (ABCDA) as shown
in the same figure. In Fig. 6b, a shield has been placed
around the conductor and grounded at both ends. The current
returns through the shield and reduces the area of the
receiver loop. As mentioned in the previous discussion, the
frequency should be at least five times the shield cutoff
frequency. In Fig. 6c, a shield has been placed around the
conductor, but just one end is grounded. The return current
path does not change; therefore, it provides no magnetic
shielding. The best way, if it is possible, is to ground
just one end of the conductor as shown in Fig. 5. Then
maximum magnetic noise protection will be provided even at
low frequency because all the current returns through the
shield.
Let us consider the effect of frequency variation on
magnetic field shielding. For this purpose, the setup in
Fig. 7a can be modeled by a transformer with a resistor R

.laem—

HP 467A

Wavetek VCG 115

C 3---- 1
Wave Generator

Power Amplifier

Oscilloscope
Tektronix

Pig. 7. The experimental setup for measuring the magnetic
field shielding, (a) Physical representation.
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R

Fig. 7. (b) Equivalent circuit model.
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and capacitor C connected in series with the secondary coil
as shown in Fig. 7b. Therefore, the voltage ratio,
Vr/V^, where

is the induced voltage, can be

calculated from

V.

1+jCJCR

The voltage ratio V r/V

is related according to the

following equation

vs
1+jCJCR
where K is a constant. The above equation implies that the
voltage ratio will decrease with increasing frequency
resulting in an improvement in magnetic field shielding. In
other words the system behaves as a low pass filter. This
case will be further studied in the experimental section.

C. EXPERIMENTAL SETUP
In order to verify the validity of the theoretical
discussion above, a series of experimental measurements for
various cable configurations was performed. In these
experiments, the magnetic field shielding properties were
measured and compared. Three turns of coaxial or twisted
pair cable with an 18 cm diameter was placed inside of 10
turns of 26 gauge wire with a 23 cm diameter. The 10 turn
coil was driven by a power amplifier and the 3 turn cable
was connected to an oscillscope. The experimental setup is

Fig. 8. Cable configurations
of inductive coupling
experiment.
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shown in Fig. 7. The different cable configurations shown
in Fig.8 , were used in this test. The cables in Fig. 8 ace
represented by L ^ in Fig. 7.
The voltage induced in circuit A was used as a
reference (OdB) and the voltage output of other cable
configuration were compared to this one. The results of
measurements for a frequency of 50 KHz, which is much
greater than the shield cutoff frequency, are tabulated in
the second column of table I. The third column shows the
results of the same expriment by Ott [2]. Also, the results
over the frequency range of 50KHz-500KHz for circuits C,D
and F are shown in Figures 9,10, and 11. These figures
indicate that the magnetic shielding improves as frequency
increases. This behaviour was predicted in the theoretical
section.

D. CONCLUSIONS
Excellent agreement was obtained between
characteristic discussion of the magnetic field shielding
and experimental results. In circuits A through F, both
ends were grounded, so there was less magnetic protection
than in circuits G through K. Circuit A provided no
magnetic field shielding because of the large ground loop,
as shown in Fig. 8. The voltage induced in

circuit A was

used as a reference (OdB) and all other circuits were
compared with circuit A. One end of the shield was grounded

TABLE I
EXPERIMENTAL RESULTS OF INDUCTIVE COUPLING

CIRCUIT

A
B
C
D
E
F
G
H
I
J
K

PRESENT RESULTS
ATTENUATION (dB)

0
0
32
11
11
23
>60*
>60
>60
>60
>60

OTT'S RESULTS
ATTENUATION (dB)

0
0
27
13
13
28
80
55
70
63
77

* Maximum measurable attenuation capability of
equipment was 60 dB.

(dB)
ATTENUATION

Fig. 9. The magnetic field attenuation in dB for circuit C
over the frequency rang of 50KHz-500KHz.

(dB)
ATTENUATION

FREQUENCY (K Hz)
Fig.10. The magnetic field attenuation in dB for circuit D
over the frequency rang of 50KHz-500KHz.
oo

(dB)
ATTENUATION

FREQUENCY (K Hz)
Fig.11. The magnetic field attenuation in dB for circuit F
over the frequency rang of 50KHz-500KHz.

20

in circuit B. No current flowed through the shield;
therefore, there was no reduction in ground loop area,
consequently, there was no magnetic field shielding. In
circuit C, both ends of the shield were grounded,

thus,

current flowed through the shield and provided some
magnetic field protection. In circuit G, one end of the
shield was connected to the ground and the other end was
connected to the center conductor. This way, all return
current flowed through the shield, so it provided much
better magnetic field protection. The twisted pair was used
for circuit D and it furnished some magnetic field
shielding. A. shield was placed on the cable of circuit E
and one end was grounded as shown in Fig. 3. There was no
effect because there was no current flowing through the
shield. In circuit F, both ends of the shield were
grounded; therefore,

the shield helped the other conductor

to pass the current. By using the same analysis,

the

results for circuits H,I,J and K can be described.
Furthereraore, it should be mentioned that the frequency is
a very important factor in the magnetic field shielding,
especially for the systems which are involved in
frequency.

high
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CHAPTER III

CROSS TALK IN RIBBON CABLE

A. INTRODUCTION AND LITERATURE REVIEW
The prediction of undesirable electromagnetic coupling
between wires in a cable bundle is a significant aspect of
the electromagnetic compatibility of an electronic system.
The lumped circuit model is often used to estimate the
cross talk between circuits in a cable [3-6]. It is
postulated in this lumped model that the cross talk can be
divided into two components. One component is assumed to be
due only to the inductive elements of the two circuits,
both the mutual and the self inductances of the two
circuits. This component is often referred to as inductive
coupling. The other component is assumed to be due only to
the capacitive elements of the two circuits, both the
mutual and self capacitances. This component is often
referred to as capacitive coupling.
Numerous studies have been performed on cross talk in
a multiconductor transmission line. Most of these studies
are theoratical; however, computer programs such as XTALK
and FLATPAK have also been utilized in some studies [4,6].
Paul [7] investigated the prediction of cross talk in
ribbon cable by using a computer program and compared the
results with experiments. The maximum error involved in
prediction was +/-6dB. The majority of the above works
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assumed a specific load at the end of the line and mixed
the magnetic and electric coupling. In this chapter, each
case is investigated separately.

B. CROSS TALK DUE TO MAGNETIC FIELD COUPLING
Ribbon cables are groups of wires (cylindrical
conductors with cylindrical, dielectric insulations) which
are bonded together in a flat, linear array. The cross
section of a ribbon cable is shown in Fig. 12. The
positions of the wires in a ribbon cable are carefully
controlled with the separation distance d between all
adjacent wires being identical. All wires in a ribbon cable
are typically identical, they have equal conductor radii a,
equal dielectric thicknesses

t, and identical dielectric

insulation types. A thin film of dielectric is used to bond
adjacent-wire insulation together and maintain the flat
structure of the cable.
Consider the 4 conductor ribbon cable shown in Fig. 13
with total line length of 1. It is assumed that the
conductors are perfect conductors and the medium
surrounding them is lossless and homogeneous and
characterized by permeability

and permittivity

One of the conductors is denoted as the "generator
wire,". This wire, with the adjacent return conductor, is
denoted as the "generator circuit". The left end of the
generator circuit is driven by a sinusoidal source Vg .
The other end of the circuit is tied together. The other

23

t

THIN DIELACTRIC FILM

Fig.12. A ribbon cable cross section.

I
(i

+
RECEPTOR CIRCUIT

SCOPE
ii —

I

Fig. 13. The generator and receptor circuit made of ribbon
cable conductors.
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wires are denoted as the "receptor wires", and both
together are denoted as the "receptor circuit". The left
end of the receptor circuit is tied together, and the right
end is terminated in the oscilloscope.
The objective here is to compute the magnetically
induced voltage V r at th<-? terminals of the receptor
circuit due to the voltage source V g at the generator
circuit. The voltage ratio ( V

J.

/ V

8

) can then be

calculated.

1.

Self Inductance of Two Parallel Wires. Consider a

two-wire transmision line as illustrated in Fig. 14. The
conductor radius is a, and the spacing between centers is
d. At any radius R from one of the conductors the magnetic
flux density B due to that conductor only is given by [8 ]
B

M

i

27TR

(3)

where B= flux density at p, T,
[ji= permeability of medium, Hm
1= current in conductor, A,
R= radial distance, m.
The total flux linkage ^ due to both conductors for a
length

1

of line is then d times twice the integral of

equation 3 from a to d, or

d

d
B dr =

...
n

Ln
a

25

(4)
Hence, the self inductance of a length 1 of the
two-conductor line is
, A
i

d

= JL
7T

Ln
a
(5)

or the inductance per unit length of line (L/l) is given by
d
a
(6 )

2• Mutual Magnetic Coupling JBetween Two Circuits.
Assume that the current I is going through one of the
generator circuit wires and returning from the other one,
as shown in Fig. 15. The voltage induced in the receptor
circuit can be calculated from Faraday's law;

(7)
and equation 3. Some steps are shown below

dt

dx dr 2
(8)
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LONGITUDINAL SECTION

CROSS SECTION

I

B

I

Fig.14. Two wire transmision line.

GENERATOR CIRCUIT

GENERATOR
i

I nd
I

Oscilloscope

RECEPTOR CIRCUIT

I
I
Im d
I

Fig.15. Mutual magnetic coupling between two circuits in
ribbon cable.
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U. 1
(n+m) (n+ 1 )
di
V = - — -- L n ----------------2
n(m+n+l)
dt
(9)
For the generator circuit
di
V = Ls
Substitution of equation

V

(10 )

into equation 10 gives

6

LL 1

dt

di

w
n(d/a)—
7T L
dt

(

11)

Therefore,
di
V
____ _ _______ s
dt

(1 /Z/ 7 T) Ln(d/a)

(15)

Finally substituting equation 12 into equation 9 yields,

V

r

V
s

(n+m)(n+ 1 )
Ln ---------n (m+n+ 1 )
2

Ln(d/a)
(13)

This is the formula for calculating magnetically coupled
cross talk between two circuits positioned in a ribbon
cable, as shown in Fig.

15.

3. Experimental Setup. The cable tested was a 12-wire
ribbon cable. The wires were no. 26 gauge and consisted of
stranded conductors with 12 strands of copper wire. The
center to center separation distance d in Fig. 12 was
.
1.27x10 -3 m and the outer diameter of the insulation
was

1

AA/

■

GENERATOR CIRCUIT
2

Wavetek VCG 115

r
--------------- j
Wave Generator

HP 467A

n
c z _ l 1
i— ------------ 1

3
RECEPTOR CIRCUIT 4.

S-T-J
l____

Power Amplifier
Oscilloscope
Tektronix

Fig.16. The experimental setup for measuring the mutual
magnetic coupling between two circuits in a ribbon
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1.016x10

-3

m. Using a conductor diameter for no.26 gauge

wire of 3.2004x10

-4

ra

resulted in an insulation thickness

t as shown in Fig. 12 of 3.4798x10

-4

m. The total cable

length was 183 cm.
The wave generator was attached to the input of the
power amplifier and the output of the power amplifier was
connected to the first two wires to make the generator
circuit. The end of wires no. 1 and no. 2 were shorted
together as shown in Fig. 16. For the receptor circuit,

the

oscilloscope was connected to wires no. 3 and 4 and the
other ends of these wires were shorted together. The
results for the voltage ratio V r/Vg over the frequency
range of 240kHz-lMHz are shown as circuit A in table II.
The results did not vary with the frequency. The same
experiment was repeated for other cases, when receptor
circuits were made of wires (5&6),
are shown in Fig.

(7&8) and (3&12). They

17, and the results for these measurments

also are shown in table

2

.

4. Comparison of Theortical And Experimental Results.
The theortical voltage ratio for circuit A in Fig. 17 (n=l,
m=l) can be caculated from equation 13.
V
— £—
V
8

L n (4/3)
= ---------------- = 0.057
2Ln(l.27/0.105)

The voltage ratio was calculated in the same way for the
other cases and tabulated in table 2. Excellent agreement
between experimental and theortical V i /V 3 values was

/
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n 1
m 1
GENERATOR CIRCUIT

3
4

/

n

3

.to

1

_ 2 ______________________
_3______________________

RECEPTOR CIRCUIT

_4______________________

_5_______________
_ 6 _______________________

Cb )

(A)

1

m 8

n 1

2

n 4___________“ J_

2 _______________________

3

12

/

I
I

1
1
1
1
1

8________________

( D)

Cc)

Fig.17. Four diffrent wire configurations for mutual
magnetic coupling in ribbon cable.
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TABLE II

THE EXPERIMENTAL AND THEORETICAL RESULTS OF
MAGNETIC FIELD COUPLING IN CIRCUITS A THROUGH D OF FIG. 17.

Theoretical
Circuit

Voltage Ratio
V /V
r' s

Experimental
Voltage Ratio
V /V

r' s

A

0.057

0.05

B

0.013

0.01

C

0.120

0.10

D

0.0057

0.006
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obtained.

C.

CROSS TALK DUE TO ELECTRIC FIELD COUPLING
Analyses of electric field cross talk is similar to

that of magnetic field cross talk. First/ it is necessary
to know the capacitance between two parallel wires. In
order to find the capacitance per unit length, C/l, of the
two parallel conductor lines, it is useful to study two
infinite lines of charge. Let the two infinite parallel
lines of charge be separated by a distance s as in Fig. 18.
Assume that the linear charge density

of the two lines is

equal, but of opposite sign. For this case, the total
potential difference V at any point like M is given by [8 ]

P

----- Ln

27T€
(14)
If a line is drawn from point M with an angle of with
respect to MP 2 and intersecting the continuation of
P^P 2 at point

0

OMP^

be similar as shown inFig. 18. As a result,

will

, then the two triangles OMP 2 and

the following equation
1*2

--*1

isobtained.

b
a
= --- ■ --- = Constant
a
h

(15)

Now a circle centered at 0 and of radius a contains all the
points for which R

2 /fcl^

is constant. Equation 14

indicates that the VM for all these points is constant.
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.

EQUIPOTENTIAL q
SURFACE
08

Fig.18. Two infinite lines of charge separated by a distance
S.
EQUIPOTENTIA

Fig,19. Cross section of two wire transmission line and
equivalent lines charges.

34

These circle is called an equipotential surface.
1. Capacitance of Two Parallel Wires. The discussion
of two infinite lines of charge in,the above is easily
extended to determine the capacitance per unit length
between two long, parallel, circular conducting wires of
radius a in which the axes of wires are separated by a
distance d. Refer to the cross section of the two wire
transmission line shown in Fig. 19. The equipotential
surfaces between the two wires can be considered to have
been generated by a pair of line c h a r g e s p a n d -fD separated
by a distance(d-2b)= h-b. The potential difference between
the two wires is that between any two points in their
respective wires. Let subscripts 1 and 2 denote the wires
surrounding the equivalent line charge p

and -prespectivly.

From equations 14 and 15
V = ---- — Ln (a/h)
2
2 7 T€
(16)
and, similarly,
V

= -

1

------

Ln(a/h)

2 7T 6
(17)

Hence the capacitance per unit length is
C

P

l
where

from which can be obtained

7T6
Ln(h/a)

(18)

35

h = (1 / 2 ) (d + V ?
(19)
Using equation 19 in equation 18 yields
c
1

where

7re

Ln[(d/ 2 a) + ^ ( d / 2 a)2-

1

]

(2 0 )

= permittivity of the medium surrounding
the conductors,
d= center to center spacing
a= conductor radius (same units as d).

2. Circuit Modeling*

Lumped circuit models are

frequently used to represent transmission lines [3-7]. For
example, consider the four-conductor transmission line
shown in Fig. 20. There is (1) some self inductance
(L^,L 2 ) in each conductor,

(2 ) mutual inductance (M)

and (3) capacitance (C !2'C 23'C 34'C 13'C 24'C 14^
between conductors, as shown in Fig. 20. In the case of
capacitive coupling the ends of the wires are open and
almost no current flows through the wires. Therefore,
electric field coupling dominates and the lumped circuit
can be approximated by only capacitance, as shown in Fig.
21. The first two wires were used for the generator circuit
and the other two were used for the receptor circuit, as
shown in Fig. 21. It is assumed that the voltage source is
ideal; therefore the capacitors across the generator and
ground (C i2/C14^

not ^ ave anY effect on voltage
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coupling. There is no capacitive effect between lines 2 and
4, because they are connected together. Therefore, the
lumped circuit reduces to Fig. 22.
There is a need to find the right lumped circuit model
for each wire configuration. The voltage ratio V l /V s
for Fig. 22 is equal to
13
C13+
C2
1 J
Ai3 + C34

s

(2

1

)

C ^ 2 can b® calculated by substituting values for h and a
in to equation

20

(3.14)(8.85)xl012
C 10= (1.83) --------------------------------- 5 --- = 15.99 PF
LZ
Ln[(1.27/.105) + (1.27/.105) -1}22)
C2

2

and C3 4 have the same value as

because the

separation distance is identical.
It is interesting to note that, placing a thin wire
longitudinally between two parallel wires will not disturb
the electric field between them In other words, the wire is
placed on an equipotential surface. This results in a
configuration consisting of two capacitors

and

C 23

between the original wires and new wire as shown in Fig.
21. A third capacitor C 1 3 exist between the two original
wires as shown in Fig. 21. The new configuration should
have the same capacitance as that of the original. This is
due to the fact that the electric field, as mentioned
earlier is not disturbed by the presence of the new wire.
Therefore, the value of

and

C 24

can ke calculated

by finding C ' ^ assuming that wire no.

2

is not present.
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M

c23-i- -r
“L c 14
r>nrr\
L2

Fig.20. Lumped circuit model for two circuits made of 4
parallel conductors.

:c12
2

IC 23

' C 14

:j»® 1 3

3
♦
vr = Z c 34
V

: C24
■

- .

I

Fig.21. L^, L 2 / and M are excluded from Fig. 20.
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C'

(3.14)(8.85)
= (1.83) ------------Ln(48.36)

13.125 PF

Therefore
C 12C 13
C1 2 + C13
and C 2 4 have the same physical orientation?
therefore, they have the same value. By this method, any
capacitance between two wires of a ribbon cable can be
calculated. The voltage ratio v r/v g for the circuit in
Fig. 22 is 0.14 .
If wires no. 1 and 4 are tied together and connected
to ground instead of wires no. 2 and 4, the circuit model
will be changed to Fig. 23, Then the

Vs

voltage ratio becomes

C23+ C3 4 + C13

(24)

With the same procedures, the circuit model for any wire
configuration can be found. Several cases are shown in Fig.
24. The voltage ratios V /V
IT

S

were calculated

considering 20 PF input capacitance of the oscilloscope and
42 PF capacitance of connector cable. The results for
circuit A,B,C, and D are 0.165, 0.052, 0.024, and 0.050
respectivly.

3. Experimental Setup. The same setup and equipment
were used as for the magnetic field coupling measurement
except the ends of the generator and receptor circuits were
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C13

Fig. 22. The reduction lumped circuit of Fig. 21.

(a) Physical representation.

C23

(b) lumped circuit model.
Fig. 23. Capacitive coupling between two circuits.
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Fig.24. Diffrent wire configurations in a ribbon cable .

Fig.25. Experimental setup for measuring of capacitive
coupling between ribbon cable wires.
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TABLE III

THE EXPERIMENTAL RESULTS OF CAPACITIVE COUPLING BETWEEN
WIRES OF RIBBON CABLE FOR CONFIGURATIONS SHOWN IN FIG. 24.

Circuit

Voltage Ratio
V /V
r' s

A

0.130

B

0.048

C

0.070

D

0.025

E

0.0125

F

0.048
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open circuited instead of short circuited. The set up is
shown in Fig. 25. The measurement of the voltage ratio
V /V for all cases shown in Fig. 24, were measured
i O
over the

frequency range lKHz-lMHz and the value for the

voltage ratio did not change with frequency. The results
are tabulated in table III.

D. CONCLUSIONS
A combined experimental-analytical study was
undertaken to evaluate the cross talk in a ribbon cable
caused by the mutual inductance and capacitance existing
between parallel transmission lines. Two aspects were
investigated, the inductive coupling and the capacitive
coupling between wires. The results of this investigation
support the following conclusions:
1

. Based on the experimental configurations tested, it would
appear that accurate predictions of cross talk can be
achieved by using ordinary laws in electromagnetic field
theory .

2

. The return signal wire should be adjacent to the signal
line, especially for high current signals in order to
reduce the magnetic field coupling. In other words,

the

loop area should be minimized.
3. For reducing electric field coupling, the high voltage
signal line and the sensitive signal line should be kept
as far apart as possible.
4. The excess wires must be grounded.
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CHAPTER IV

CROSS TALK BETWEEN PRINTED CIRCUIT BOARD TRACES

A. INTRODUCTION AND LITERATURE REVIEW
The printed circuit board(PCB) is widely used in
today's digital electronic

systems. This type of

transmission line is very important from the design point
of view because it could make the difference between
successful and unsuccessful systems. The circuit engineer
is responsible for the electrical and mechanical conditions
that may have to be imposed on these lines in order to
provide a working system. A number of studies on the
prediction of cross talk on the PCB are reported. In an
investigation by Defalco[9] the PCB cross talk phenomenon
was studied in terras of both physical and mathematical
developments under system conditions. Two different types
of PCBs, as shown in Fig. 26, were considered. He developed
a method for the prediction of cross talk in PCBs, by using
a set of curves and a known set of parameters. These
parameters included line width (w), line spacing (s),
height (h) from the ground plane, and length of line (1 ).
Mardiguian [1 0 ] continued the work previously conducted by
Defalco. By constructing a table which takes into

account

the parameters mentioned above, he was able to calculate
cross talk in PCBs. He also discussed the cross talk in
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Fig. 26. Cross sections of the most common types of printed
circuits used in digital systems. Conductor width
and thickness, distance between conductor from
ground plane together with dielectric constant
determine cross talk constants.
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PCBs and the significance of the capacitive or inductive
coupling between adjacent printed traces.
The intention of this chapter is to discuss the
magnetic and electric field coupling in adjacent traces.
The effect of having an opening in the ground plane beneath
the traces is also investigated.

B. THEORETICAL DISCUSSION
The sample case involves crosstalk between adjacent
printed traces over a return plane. This problem can be
represented by Fig. 27. There are two circuits: the
generator, or culprit circuit; and the receptor, or victim
circuit. There is self inductance in each trace, which is
represented by L^ and L2 . The distributed trace to
trace mutual inductance and capacitance are denoted by
M 1 2 and C 1 2 respectively. The capacitance between a
receptor trace and ground is represented by C 2« The
voltage coupled into the receptor circuit has two
components due to (1 ) the inductance coupling, and (2 ) the
capacitive coupling. In the next sections, each case will
be discussed separately.

C • INDUCTIVE COUPLING
In Fig. 27, the generator circuit load impedance
(Zg) and the receptor circuit impedance (Z^2 )

are

assumed to be zero and Zr 1, is equal to 1M ohm. Also,

Fig.27. Simplified circuit model for cross talk between
adjacent printed traces.
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C ^ 2 and

C 2

are s^lorte^ out, since the ends of the lines

are tied together and grounded. Therefore/ the circuit
model becomes as shown in Fig. 28. The V

can be

calculated by finding the total induced voltage in receptor
circuit Vj
V
M
V,- I,(jO))M =■ ---- -(jOJM) = --2
L1
Also,
Vr = V2
R +
For low frequency, G J L 2<<

Q

so

This equation is independent of frequency.
Let us consider the case in which there is an opening
in the return plane. The voltage induced in the receptor is
d(/?

V = ___-L_E2_
r

dt

The mutual magnetic flux(£)m £ is a function of current
density J [8 ]. The density of the return current at the
opening will change so the mutual flux <P
change causing

u

going to

to change. The opening and its shape

has an important effect in changing the (^9 , which will in
turn change the V^.. In other words, the M mutual
inductance increases compared to the case of no opening.
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E>. CAPACITIVE COUPLING
The Z

g

and Z .. are assumed to be infinite or an
rl

open circuit in the case of capacitive coupling. The Z ^
is equal to 1M ohm. In addition, L^,

and

are

not considered, because the ends of lines were left open
and current in the lines is very small so there is little
inductance effect. Consequently, the circuit model becomes
as shown in Fig 29. The voltage ratio v r/v s for this
circuit is

This equation is independent of frequency. Of course, for
high frequency the circuit model is not as simple as Fig.
27, and may not be independent of frequency.
The most important capacitance is C1 2 *

this goes

to zero the voltage ratio goes to zero. The capacitance
between trace and ground is proportional to the
permittivity and the trace surface area A, and is inversely
proportional to the trace separation distance d.
C=

6

A/d

(F)

The opening in the return plane will reduce A, and
consequently vr/vg decrease.

E.

EXPERIMENTAL SETUP

Two PCBs were made for this experiment. They are shown
in Fig. 30. There are three pairs of traces on each board.
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Fig.28. Circuit model for inductive coupling.

Fig.29. Circuit model for capacitive coupling.
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Fig.30. Two P.C. Boards with 3 Pairs of traces on each board
and with different opening in the return plane.

P.C. Board

Fig.31. Experimental setup for measuring of cross talk
between adjacent traces on the P.C. Board.
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TABLE IV

THE RESULTS OF MEASUREMENTS OF THE CROSS TALK BETWEEM
ADJACENT PRINTED TRACES FOR CIRCUITS SHOWN IN FIG. 30 AT
10 MHz.

Circuit
___

Inductive coupling
V /V
r‘ s

Capacitive coupling
V /V
r/ s

A

0.0625

llxlO- 3

B

0.172

14xl0-3

C

0.0857

16xl0~"3

D

0 .10

15xlO-3

E

0 .1 0

15xl0-3

F

0.0651

16xl0-3
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with different openings in the return plane, except for one
pair of traces which was used for reference and did not
have any opening in the return plane. The setup is shown in
Fig. 31. The results of voltage ratio V /V

for

capacitive coupling and inductive coupling are tabulated in
the table IV for a frequency of 10 MHz.

F. CONCLUSIONS
The deviation of current from a straight path under
the trace is the significant factor in inductive coupling.
This implies that the width of an opening is the important
parameter. Thus,

excluding circuit A, circuit F is the best

one and cicuit B is the worst. This is due to the width of
the opening.
Some general design guidelines are:
1

. Designers should pay attention to the openings in the
return plane. If, however, an opening is needed, the
width must be kept at a minimum. The high current signal
traces and sensitive signal traces should keep as far
apart as possible;

2

. The designer should also pay attention

to the trace

spacing, trace to return plane spacing, and length of
parallel traces;
3. The important element in capacitive coupling between
traces is C w h i c h

should be kept at a minimum;

4. C^ is proportional to

the common area between traces
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and return plane; therefore,

in circuit A

maximum which yields a minimum voltage ratio.

is a
Circuits F

and C have a maximum voltage ratio because they have a
minimum common area. The same applies to the other
circuits as well. Table IV shows that the difference
between coupling voltages is not significant because
C

12 is fixed in all cases.
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